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Motivation

* Large-guide-field tearing impacts the
performance of state-of-the-art and planned
tokamaks.

e F
'

| R effects impact tearing dynamics through
rift' effects.

o T

nese drift effects are manifest in the model

through advective terms, gyroviscosity and the
cross heat flux.

* For a physically descriptive model, one must
Include drift contributions from all sources.
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\V4
EQ]

DIlI-D core

1

1
0.0849
0.0356

0.0594
0.0585

DIll-D edge

3

1
0.0158
0.0150

0.1097
0.1099

ITER core

2

1
0.0376
0.0089

0.0032
0.0033

Estimates local to the outboard mid-plane

The diamagnetic drift velocity, o, Is
significant in experimental configurations.

ITER edge

3

1
0.0195
0.0080

0.0035
0.0035

1.03E+07 3.85E+05 1.63E+09 4.41E+08
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Experimental conditions have
moderate B, d, and w,.

* Previous analytic drift-tearing works typically make
one or multiple simplifying assumptions:
- Low BB
- Complete gyroviscous cancellation
- No cross heat Flux
- Reduced models

* We need to verify our unreduced extended-MHD
models on this problem.

* This exercise also allows us to understand the
relation between our model and previous works.
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'- / Analytic work has described tearing
with a two-fluid model (no FLR effects).

* Analytic calculation [1] with an extended-MHD model
has shown that the diffusion of B can produce two-fluid
tearing which is modified from the traditional semi-
collisional result [2].

* The effect is relevant both to experiment and
computational modeling.

* The analytic work [3] which bridges the dispersion
relation between the single-fluid, the By-diffusion, and
the semi-collisional regime has been used to verify the
NIMROD code.

* We are working on adding FLR 'drift' effects to these
analytics.

[1] Mirnov et al., Phys. Plasmas 11(9), 4468 (2004).
[2] Drake and Lee, Phys. Fluids 20, 1341 (1977).

[3] Ahedo and Ramos, PPCF 51, 055018 (2009).
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/

N

Our analytics begin with an
unreduced extended-MHD model.

1,
a—?:—v-ananv?n,
dv
mma:JXB—Vp—V-H?;—V-meW,
n d*T,
- = —PaV *Vq — "YHa : 1o,
J B e edee
E— _vxB.4 X —VP'—I-??J—m“ v’
ne ne e dt
B
Pa=nly, J=VxB, a—z—VxE, Vezvi—i,
ot ne

W, = Vv, + Vvl —(2/3)IV - v,
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£ «« The Braginskii closure includes
4 first-order FLR effects.

mMea

I1 vy —
g 4€B

{bxw (I+3BB)— (I+3BB) -WQXB}

HPa

b x VT, .
QGBQ <V "

q:

e Our study does not include heat flux
contributions to the gyroviscous tensor.

 \We also neglect electron gyroviscosity
(more on this later).
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< These equations result after
linearization.

5 73 s [
Ge By = —VL V+VJ*dT£_?W*Q+AI|d [B” + ek“B“ BT] +®*RTQAUB (zwﬂn + tWen zpe) +S, 1B”
CS

1

33€ = 5By +iky B, — B —p' - (V-11) . wi=—iQ—ip— (V10
1

! 1
W TR N
YiV| = —— Br — ik p — (V - 1_[) , YN = —Wsng = — Vi
di || CS d’L
E 82
b= —Et‘%g — PV ¥+ (Cpe + ¢2,) Q — (Cpe +4¢2,) iro By + 262 ik B
i i
5 'I\\ré égpe SN ~2 A 12 Gy A2 7.
Pe = —EET == V.-v+ (Cpe + CSpe) Q o (Cpe w 403(}8) '3')\UBT" + QCSQGE'}L:“B?“

~ .

d-t' )¢

/75: Uy

The hats indicate normalization by A A e s o By
: : -~ = B —iky B +i\B, Ao =4 +ik -V

Alfven time/velocity, characteristic Q=B =ik By +idoBr Fa =7 o

n/B/T or wavenumber TECH-X CORPORATION



Heat flux contributions become C..
terms in the energy eqn.

— IV Y A+ (Cpe + 62,) Q — (Cpe +482,) iNo B, + 282 ik BL

Vi — — — — e

A2 A2 A2
Csq = LqeCyge + C(]’lcsi

an = Ogqa (i@*a — fTaiﬁD*n) / (A/a + Z.C—:;*qa)

. A . A /\2 . A
s = (P, —& )

?:w*qoz — O-qa:fTO: (sz*ﬂ — ésait‘b*a)

g i -_
Cpe — p?,\’ (Zw*e - FfTezw*n)

Note all terms ~to w..
" Blue terms from advection of p_by v .
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v/
N

We make standard large-guide-
field tearing assumptions.

Small tearing layer width
- allows expansion of kj — k)=
- Ignore flow shear
Subsonic growth: 37 << é,
'Constant-Psi': B, = B, (0)
Cartesian or 'slab' geometry
Large guide field
These assumptions are captured with the following

ordering: A i G, 3/2 B
A[}N]f||wﬁ/4 ; €= |
i~ [e2o1] |, @npn[ero]
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We reduce this set to a system of
three eqgns., as in Ref. [3].

Al

N

2 T oA A
fooie s Food B | gL ki~ A ks Bl L
QQ— | i e gQ P _Q—|— TR — IAQ Dy + Te——
/qui VgiriliAp d;
~2 . ; iiﬂg .S 8
WOl o " - oo A—1 | C'(EQA“
b S1 oy o o _ 8% T8 LEH ¢
ngg)\[}?di ~ ."5 JQ'U 1 i1 ~9) ~ r 2 Jrg (2)
/gui L'sp rng'
P %
A E I > A2 i : =
TQ — '.:r"fj, + ?f(..l.;"*nq (Cpe —I_ CSQE) - T (1 + Cpe + qu) (4’4 a 1)
CS CSp
§ (A—1)
- —_ .-‘IAQ TN TR il 22 .-Q_ /| J:.Q %
78 = in = (1 — Cpe — 450) + i (Cpe +465,) ~——
CS CS;D
LS Csp
4 = L’; o E‘C,:J C:,‘ . (:;2
. A e %, % Mk = s
Igvt’}’g . EAHBT _QdTgfr\{}Bfr +JQU

1 ]

&

2 5 1" S
d; ((V . ‘:’) + ik‘”fr)

(3)



Gyroviscous terms enter both the

= parallel induction and vorticity egns.

-~
-

. ’L‘ﬁ A b /€
TQQ—AH(L] B”—I—S Q” Q—I— ’.J'A'B— - EA{}B —|—T5—
r y IF

gui qui 1)\{] dz
N :i;'” A A-1 Z}Lﬁ -2 jﬁ ~
_ ng'?-/\{}%dz‘ - JE — Zg | P I‘ Eﬂr_.-gu (2)
Yguvi Csp f}gm

~2

O it wgv%d} ((@\7’) +2A” “)
(3)

~ N . 2 f.:.;* e A 3%*%*1
~ P o f LA g " ’ f
ffgrvrz Iif(3 — Z;L” BT 2 d,\ EA{}BT O’gt

1 3

* The modified gyroviscous growth rate is defined as

{_:,2
- - S
Ygui = Vi — Ope (Ewm + gy T )

* It appears in the parallel vorticity and parallel momentum eqns.

* The last term appears a result of the gradient of the equilibrium magnetic
field in the coefficient of the gyroviscous tensor.
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Treating the gyroviscous
contributions requires add't egns.

4

N

."A‘ ’;2 l"’,
. Wy .o 2~ i'w*w:k ‘81 7 - -
guqu” = E;LI-HB-;‘I — QdT'E)\{]B-r TOgv— = — —V v — 10 go [fwz d; ((\7 ' V) T E;LH ||)
q i
(3)

* Still a focus of current work.

* Need to use equations for the divergence and parallel
flows.

* This increases the number of equations in the system.
* We will proceed without gyroviscosity.
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We eliminate Br and normalize

¢
| the equations as in Ref. [3].

_ (‘-)Qg

520 B 3 . 02¢ - =
8_;22 = (DRp'#* +79) Q + Dﬁﬁﬁ&l—_:g + 7l — T + AT (5)
T _ 1}1;’ O?[ﬁg _ k} dA.[) O?EQ A 1/4 e -
‘I:; 5: 2 ”A o ) Q: A : . e ’ dﬂ(:) (Ah) ?
do By (0) (i — iwx) By (0) (i — iwx) Sg
52 ‘iidf = 4d?S Dp = ﬁ?\m A= s !
k! &4 v (ﬁ}'% - ?W*) Ygui
| —0
_ 8 . _ l 1yd R
o= i 57Q s Te= B 5Te TR = : a (TB + 2iw,)
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_» The dispersion relation is found by
< integrating the radial induction eqgn.
after solving for & and Q.

2, A A1/4 3/4 o0 B B
i = 10) 4 75 / dz (1 — 26 —zQ) = 1

~1/2 A
kA -

* Some results without drifts (see [3]):

4/5

A’ ~2/5
o . —3/5 / — —2 —
’VMHD—SQ <\/§F )2> k” T >>0 , OT0<<1

(3/4
A\
Jsc = S, 13 (ﬁs - ) g>>1, and 5 << 7 << &°
gD = ST 12 (ci-k”)l 24 g>>1, and 7 << &
YB||D g i \/§F (3/4>2 )
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E

Y4TA
51077
104 8 =0.1
X ' . . '
%1074 B|| diffusion
51070, - .
“ 'single-fluid' ®,-scan
2%x107°
1X10&> ®,-scan
001 0l 1 kd;
To PR3, 'B|| diffusion'; large B and diH

< To PRI, 'collisional’; small 3 or d

TA
0.000030
PR5
0.000030 'qamicollisional’
0.000020 T
0.000015 .
0.000010 1/_/.
L 2
p o9 ¢ kdz — 2.048
16—6 16—5 16—4 0.001 0.61 oilﬁ

~@® Re y — PR2
m Re y —NIMROD

me/mi

PR5/6 drift
scans difficult
aAS Wy ™~ kpf)ﬁdi

- Re y — PR4

-m Re vy — PR6

+ Re y - NIMROD

Two scans without drifts
orient us in parameter space.

Common
parameters:
kLg =0.15
S =3.5x 107
—2.72x 1074
A = 1.46
L0 = Teo
Vo — 0



Drift tearing modes are modeled with
a hyperbolic tangent pressure profile.

* The equilibria are the sheared slab
equilibria of Ref. [3] with the addition of a
pressure (density) gradient:

no () = no (1 + —Otanh [ngl)

* We choose a flat temperature profile to
avoid ITG-like modes.

* Cases are run with a resistive-MHD model
to verify the outer solution is not

significantly modified by the pressure
profile.
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'Single-fluid' w, scan

Y,TA
51077
2% 107 p=01 , e
10t B|| diffusion
5x107 - .
*7 'single-fluid' M, -scan
2%x107%)
L% 10-5 oo*-scan -@® Re vy — PR2
(\, | | kd. | ™ Rey—-NIMROD
0.01 0.1 1 ’

To PR3, 'B|| diffusion'; larged. —»
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Our scan at small di has

contributions from new terms.
PR1dB A significant PR1dC A, T, and T, significant

E

1/5TA

5x10 //=

1x1075" : 4

5%10° — ~@ Re y —PRIdA
A

e . ~m Im y - PRIdA

1x10™

5 10_;7/ ¢ Re y — NIMROD
| | | w.7,| 4 my-NIMROD

2%x107° 5%107°% 1x10™° 2x107° .

« PR1dA (no A, T, and T, contributions) is difficult to model as
A~m*di'1 <<l 1s not easily satistied at small d..

* However, Re vy is approximated by the dispersion relation of PR1dA.

?Q _ m12 - NAL 202 2 g
972 = (DR T —I—’TQ) QQ + Dgro 72 +T7e — T + AT




The single-fluid drift regime at moderate
B is subdivided into drift regimes. (1)

J.&N?_-QN?_-gmf?_-Bwa-Q |

o T vV Jj'R H_Q _1f4 P—‘-EQ
£ = — dp |1 — —=— exp | ——
.5/4 « o 104
m{HD = (45 — 1Wx) ’hﬁ

All regimes. z~ & ~1
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./ The single-fluid drift regime at moderate
= B is subdivided into drift regimes. (2)

TQN’?_'gN?_'BN(?Q <<1~A
DRQ” = ;E‘QQ—I— DRA.;P
DRE” — & (E—-— Q) —dk

* Not yet solved.

* Q hasasoln. as a parabolic cylinder ftn.

* The € egn. is then an inhomogenous parabolic cylinder egn.,
where the inhomogenous term is a parabolic cylinder ftn. minus x.

All regimes. 7z~ ¢ ~'1
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The single-fluid drift regime at moderate
B is subdivided into drift regimes. (3)

Tp~Ge<<1~A~Tgn~ T
Q" = (Dgp'z” %)Q+fr5§+ AT

Df” _ —2 (6 Q) .

Not solved.

All regimes. 7z~ ¢ ~'1
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'Large d' w, scan

Phyiscally relevant regime

2/4TA
51077
2% 107 p=01 : e
%104 B|| diffusion
5%107°, - .
** 'single-fluid' ®,-scan
2%x107°
1x107° W, -Scan @ Re y —PR2
(/ ‘ | | vd. | ® Rey-NIMROD
0.01 0.1 1 ’

To PR3, 'B|| diffusion’; larged. —»
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We can solve for the dispersion relation
in the two-fluid drift regime, PR4d.

%2 RAesy
QH == T@ + D 5_2£H
Dgré%¢" = 327°Q — 5°z
(;} B )P[(3+7:Q/5) /4} _ (}—1/2 A.'d’j_g
; YT(1+7g/5) /4] 0 ™ 27

e Solution given in Ref. [1].
« Next we examine two limits of 1, with respect to o

(PR3d or 'B|| diffusion’ and PR5d or 'semi-collisional’).
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{ As a surprising result, in the B|| diffusion
“* regime there is rotation but no stabilization.

T << 0

(% — i) = 4B)D

* Thered part of the growth rate is unchanged.

* There isrotation at the electron diamagnetic frequency.

* Can be found as both alimit of the PR4d dispersion relation,
and by taking alimit of the tearing layer equations and solving.
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The Iarge-tQ (small-B) limit resembles the
drift tearing of Ref. [2].

/
JAN

TG =G
3 f - 3/4
(s — i) 455" VFg _ |
G s
T - 1/2 AH_\I e
(9 = 660x) |5 + ez (Cpe + Eqe) — c2 o 4 Ot 1) =gl
‘g 'Sp |

* Can be found as both alimit of the PR4d dispersion relation,
and by taking alimit of the tearing layer equations and solving.

TECH-X CORPORATION



Theory and computation in PR3d are in
good agreement until large w, at small m_.

-® Re y — PR4d
~m Im y — PR4d

¢ Re y — NIMROD

4 Tm y — NIMROD

Vo = 0
Me/m; = 2.72 x 107°

No v, - Vv,
N electron inertia.
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/ Good agreement is seen with an
equilibrium diamagnetic flow.

PR3d, 'B|| diffusion’, small T,

4/:/:/:/: ~® Re y — PR4d

—m Im y — PR4d

L
0.031?“

+ Re y - NIMROD

w7, | A Imy-NIMROD

10° 10 10°

Vo = Vi NO v, - Vv,
me/m; = 2.72 x 107° In electron inertia.
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Cases with moderate m_ show the
iImportance of electron advection.

PR3d, 'B|| diffusion', small T,

ICOI I | Sl Onl ess - —@  Rey—PR4d no v, advect

—®— Im y — PR4d no v, advect
— ¢ Re y —PR4d v, advect

— 4 Im vy —-PR4d v, advect

v Re y - NIMROD

O Im y — NIMROD

10° 10 10°

NO v, - Vv,
In electron inertiain
the computations.

Vg =
me/m; = 2.72 x 107*
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Examining the PR3d growth rate with and
without advection in electron inertia
provides insight into its importance.

In the collisionless regime the generalized L undgquist number
becomes )
Sy L~ @24, = d? (55 — i) with dectron inertia,
St ~ d24 without electron inertia

v/
AN

1/2 A/
Thus the growth rate (4; — id.) = S, '/ (d k|’|) /3T /a7

may be approximated as (in the collisionless regime)

A

(5 i) = R, (ﬁp a7

2
X ) with electron inertia,

A

/

2
(4 — i@*)z — de k’ (\/_F?B/ZL) ) without electron inertia.
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Vs o/ The PR5d regime is similar to the
AL semicollisional regime of Ref. [2]

We expect better agreement when gyroviscosity is
Included. Numerical resultsin PR5 are difficult as
wy ~ kpyBd;, and B is typically small.

Assuming small B and pressure/density advection by v, or
B<<l, ope=1, Ape="e-

p 2/3
S A
> ) = Ys5C -

We find
372 (3 = D i) (Fe — i)V (

In the limit of small T this becomes
~2/3

(7 FfTezw*n) /3 = ’YSC'
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w.,/ The single-fluid limit of very small 3 with
drifts is similar to the result of Ref. [4].

Assuming the ordering:

AT ~a? << To~Te, 1<<Ton~Te
The layer equations become
Te \ = - .
D¢’ = 2( ——g)ﬁ—f: QR = —Te
The dispersion relation is

25/4 (%5 — iwx) 174
TMHED = _ \1/4 i
(1-%)
TQ

With pressure/density advection by v_and in the limit where the electron
temperature gradient dominates this becomes similar to Ref. [5]:

5/4 . 1/4 4
VJéHD = 73/4%/ 71/4

[4] Coppi, Phys. Fluids 7, 1501 (1964).
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A / Verification of the physics of separate
4 pressures and heat flux is on going.

* Initial attempts have been unsuccessful
and exhibit numerical modes.

* A concurrent advance of pressure and
magnetic field is a potential solution.

- Electron-pressure-advection and heat-flux
terms with current contributions would be
treated fully implicitly.
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Summary

* Progress with two-fluid drift tearing to date:
- Tearing-ordered equations with diamagnetic drifts, gyroviscosity and heat flows.
- Solutions with diamagnetic drifts and heat flows.
- Verification of diamagnetic drift effects.

 The moderate-§ single-fluid regime (small d) is weakly stabilized by

diamagnetic drifts when compared to the dispersion relation of Coppi
(1964) [5].

o Drift effects in the B”-diffusion regime (PR3d) do not produce stabilization
as in the semicollisional (PR5d) and the small-8 single-fluid regimes.

* As could be expected, advection from electron inertia is important in the
collisionless regime.

* Future work will include verification with diamagnetic heat flows and
finding solutions with ion gyroviscous terms.

TECH-X CORPORATION



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34

